passages, the organism was grown in beef heart infusion broth for six hours; 5 ml.
portions then being frozen and stored at -20 C. Each week one tube was thawed and incubated for 24 hours at 370 C., then "passed" once more through a rat. The culture recovered, after proper identification, was used for all experiments during the next week.
During the course of experiments the organisms were identified by colony characteristics, Gram-stain, ability to grow in 6.5 per cent sodium chloride broth, and absence of catalase activity.
Injection of organisms. The tail vein was employed for intravenous injection. The inoculum consisted of 1.0 ml. of an 18 to 24 hour beef heart infusion culture which had been incubated at 370 C. Serial ten-fold dilutions of the culture were made in 0.85 per cent sodium chloride solution and aliquots were incubated in agar pour plates to enumerate each inoculum.
Removal of organs for entmeration of bacterial content. Under pentobarbital anesthesia, the abdomen and thorax were opened so that the organ to be examined could be removed and placed in a glass homogenizer. In the case of the kidney or spleen, the entire organ was utilized, whereas with liver, approximately 1 gm. of tissue was removed. The tissue was ground in 9 ml. of 0.85 per cent sodium chloride solution until a smooth suspension was obtained. This represented the 10' dilution, subsequent ten-fold dilutions being made in the saline solution. Agar pour plates were made from several of these dilutions, depending on the expected number of micro-organisms. After incubation for 48 hours, colony counts were made; the one containing between 30 and 300 colonies being taken as most nearly representative. When the plate containing the greatest dilution contained too many colonies to be counted the number was recorded as greater than 1,000.
Urine cultures. Urine was obtained by needle aspiration of the bladder at the time of sacrifice. The specimens were diluted with 0.85 per cent sodium chloride solution and incorporated in an agar pour plate, for determination of the bacterial content.
Blood cultures. Blood was obtained directly from the heart and 1 ml. was introduced into 10 ml. of beef heart infusion broth. After 48 hours incubation at 37°C. this culture was streaked on blood agar and the resultant bacterial growth studied for the presence of Str. faecalis.
Histological studies. At the time of removal of the organs for bacteriological study, pieces of tissue were obtained for histological examination. One-half of spleen, the heart, urinary bladder and a wedge of hepatic tissue were placed in 10 per cent neutral formalin. In the case of the kidney, either the whole organ or one-half was obtained.
After proper fixation, the tissues were stained with hematoxylin and eosin.
EXPERIMENTAL
Course of enterococcal infection in normal animals. In order to study the course of infection in normal animals, groups of four to ten rats were sacrificed at intervals of one hour to 57 weeks after the intravenous injection of 400 to 450 million micro-organisms. In general, this size inoculum was well tolerated. None of the animals died in the immediate post-injection period. The occasional death encountered later in the study would be ex-pected in an animal colony of this size and was not attributed to the infection or its sequelae. The results of bacteriological examination of the kidneys, spleen, liver, urine, and blood of 156 animals are presented in Figure 1 . The bacterial population in the various organs of the normal rat following the intravenous injection of enterococci. The points plotted represent the averages of the logarithms of the numbers of organisms cultured from the whole kidney or spleen, or from 1 gin. of liver. (Portions of these data were published in Medicine, 1960, 39, 3.) arrested in the liver and spleen; the kidneys participated to a smaller degree in the removal of bacteria from the circulation. In the liver and spleen, destruction of the microbial population occurred at a relatively constant rate during the first four weeks. Thereafter, reduction in number of bacteria was more gradual. The first instances of negative cultures were noted at six weeks in the liver, and 20 weeks in the spleen. At subsequent times, failure to isolate bacteria from the liver and spleen occurred in occasional animals. In contrast, there was little evidence for the killing of bacteria by the kidney. The micro-organisms in this organ multiplied, attained a maximum population at 10 days and thereafter persisted in relatively constant numbers throughout the period of observation. In 11 animals sacrificed between one hour and 24 weeks after injection, no evidence of pyelonephritis was found in one of the kidneys examined despite the occurrence of Urine cultures were obtained during the course of these experiments. These data indicated a failure to recover bacteria from the urine during the first two days after intravenous injection. The next group of urine cultures as positive but since these were obtained on the seventh day, it was not possible to determine the exact time of appearance of bacteriuria. Accordingly, the experiments were repeated and animals were sacrificed one, two, three and five days after intravenous injection. Cultures were made of urine and one kidney. The results are presented in Table 1 . Similar findings were noted in that none of the nine rats examined at one and two days had evidence of bacteriuria. However, enterococci were recovered from the urine of all but one of the animals studied on the third and fifth days. This one failure to isolate enterococci from the urine in an animal without bacteriological evidence of renal infection suggested a faulty intravenous injection. It should be mentioned that the appearance of bacteriuria coincided with the earliest demonstrable histological lesions in the renal medulla. This indicates that the kidney does not act as a "filter" for bacteria, but rather that infection with associated tissue destruction and rupture of micro-abscesses into the tubular collecting system is necessary for the occurrence of bacteriuria. It is interesting to note that continued observations during the course of these experiments demonstrated a consistently high level of bacteriuria. In general, more than 100,000 enterococcus colonies per ml. of urine were found in animals studied between one and 57 weeks after injection. In no instance was a negative urine culture obtained in an animal which had evidence of pyelonephritis.
Blood cultures were obtained in 15 rats one to seven days after intravenous inoculation and in all of these enterococci were found. None of the four animals examined at ten days had evidence of continuing bacteremia. Blood cultures were negative in the 23 random examinations performed between 3 and 57 weeks after infection.
Comparative numbers of organisms in the normal renal cortex and medulla at different intervals after intravenous injection of enterococci. Observations were now made on the quantitative distribution of bacteria in the various parts of the kidney during the course of infection. In order to separate these tissues the kidney was bisected in a transverse plane and pieces of cortex and medulla removed. These were weighed separately on a Mettler Analytical Balance, Type B6 (Mettler Instrument Corp., Highstown, New Jersey) and homogenized in 0.85 per cent sodium chloride solution. The weights of the tissue ranged between 100 to 125 mgm. and 15 to 25 mgm., for the cortex and medulla respectively. The results of these studies in 82 animals are presented in Figure 2 and are expressed on the basis of number of bacteria per 100 mgm. of tissue.
Although a larger number of enterococci initially localized in the renal cortex, this part of the kidney appeared effectively able to temporarily "handle" this inoculum as manifested by a decrease in bacterial content during the first two days. The resistance of the medulla, however, was not as efficient. Microbial multiplication occurred and a high population was -. .
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The bacterial population in the cortex and medulla of the normal rat kidney following the intravenous injection of enterococci. The points plotted represent the average of the logarithms of the numbers of organisms cultured. (Portions of these data were published in Medicine, 1960, 39, 3.) noted at two days. After this time the medullary bacterial count remained greater than that of the cortex throughout the period of observation. It should be noted that the earliest histological lesions were observed in the medulla two to three days after intravenous injection. These findings occurred during the period of rapid bacterial multiplication in this area. Abscesses appeared in the cortex between the third and fifth days, at a time when there was a secondary rise in the number of enterococci in this part of the kidney.
It is not apparent from these data whether the increase noted in the cortex represents a proliferation of micro-organisms originally lodged in this area or indicates a spread of infection from medulla to cortex.
In these experiments cultures of both cortex and medulla from the same kidney were negative in ten animals examined between five days and 29 weeks after injection. Whether these represent instances of incomplete sampling or "unilateral pyelonephritis" is not known. The data obtained from these ten kidneys were not included in Figure 2 .
Determination of the number of organisms required to cause infection in the normal kidney. Groups of rats were given 1.0 ml. injections of serial ten-fold dilutions of enterococcus culture and one week later the kidneys were homogenized and cultured quantitatively. The results are presented in Table 2 . An intravenous inoculum of 400 to 450 million organisms caused infection in all 14 of the animals studied. When the number of bacteria injected was reduced the proportion of animals infected diminished. At dilutions of 10' or less, only an occasional rat developed pyelonephritis. The results obtained in these experiments are of interest when examined with the data shown in Figure 1 . An intravenous injection of 400 to 450 million organisms resulted in a bacterial population of approximately 100,000 in the kidney at one hour. If the proportion of injected bacteria lodging in the kidney does not change when the inoculum is reduced, then an injection of 1 ml. of the 108 dilution or less would result in fewer than 100 micro-organisms being deposited in the kidney. This type of data permits the establishment of an estimated tissue population necessary to produce infection. Thus, in animals receiving 40 to 45 million organisms (1 ml. of 10-' dilution), the infecting tissue population which caused pyelonephritis in 50 per cent of animals is calculated to be approximately 10,000 viable Since some of the strains to be studied had been maintained in tro for many years, it was decided to "pass" the cultures one time prior to testing as a check for pathogenicity. To insure recovery of bacteria an 18-to 24-hour culture of the organism to be tested was injected into a rat in which the left ureter had previously been ligated. Twenty-four hours later, the hydronephrotic kidney was removed, homogenized, and cultured. The bacteria isolated, after proper identification, were incubated at 370 C. for 18 to 24 hours in beef heart infusion broth. Aliquots of these cultures were the organs of the animals at the time of sacrifice. The liver, spleen, kidneys, urinary bladder, and heart were examined, then fixed in 10 per cent neutral formalin and sections stained with hematoxylin and eosin. In the case of the heart, this organ was dissected under a fixed hand lens; care being taken to note alterations of the valves.
The only pathological changes observed in the liver were small perivascular collections of mononuclear cells first seen two to three days after infection. This process subsided by the seventh to tenth day without apparent residua. In the spleen, moderate follicular hyperplasia was noted during this period but tended to subside by the tenth day. An occasional animal examined after this period had evidence of splenic hyperplasia but these changes were confined to rats with acute exacerbations of chronic renal infection. The heart was examined in approximately two-thirds of the animals studied in these experiments. In no instance was endocarditis, pericarditis, or myocarditis noted.
The major pathological alterations were confined to the kidneys. Macroscopically, the earliest lesions noted were discrete or confluent cortical abscesses, measuring 1-3 mm. in diameter. When the kidney was cut, these cortical lesions could be traced to their origin in the medulla by the appearance of radial streaking of purulent material in the medullary segments adjacent to the involved cortex. These were present in approximately one-half of the animals studied on the fifth day. Thereafter, the frequency of occurrence of renal lesions increased with time so that almost all of the kidneys examined after the sixth week had anatomical evidence of infection. Abscesses persisted in some animals up to four weeks after inoculation, although in the majority of instances, evidence of healing became apparent by the fourteenth day as manifested by diminution in the amount of purulent material and beginning contraction of the involved tissue. At six weeks evidences of scar formation, depressed and irregular in shape, with flat "U-shaped" bases, were seen in most animals (Fig. 3) . As the experiments progressed, occasional instances were noted in which acute abscesses were found adjacent to areas of scar tissue. These corresponded with some increase in the bacterial population in the kidney and were interpreted as representing acute exacerbations of chronic pyelonephritis.
Although the earliest macroscopic lesions were noted five days after injection, microscopic changes occurred before this time. At two days, small, focal collections of leukocytes were seen in the interstitium of the renal medulla and papilla. These increased in size during the next two or three days and in some instances ruptured into the tubular collecting system (Fig. 4) . During the first three to four days after infection, no lesions were noted in the cortex. Thereafter, interstitial abscesses were seen. Throughout this acute period, the glomeruli remained remarkably clear of evidence of infection. After the fourteenth day the abscesses began to resolve as manifested by the presence of lymphocytic infiltration, diminu-tion of polymorphonuclear leukocytes and the occurrence of macrophages. Fibroblasts were seen between the third and fourth weeks and thereafter healing and scar formation was noted. As this process progressed, areas of dilated tubules with flattened lining epithelial cells and occasionally filled with pink staining amorphous material were observed between, and adjacent to, the scars (Fig. 5) . In the animals studied between 50 and 57 weeks, an occasional instance of beginning periglomerular fibrosis was seen. Blood vessel changes during the course of the infection were surprisingly minimal. In areas of acute inflammation, there was limited involvement of the vessel walls as manifested by edema and leucocytic infiltration. These findings disappeared as the pyelonephritic lesions became sub-acute and chronic. In the later stages, careful examinations failed to reveal any evidence of arteriolarsclerosis.
Despite the occurrence of marked changes in the kidney and persistent bacteriuria, the alterations in the urinary bladder were minimal. In occasional animals, submucosal focal collections of lymphocytes were seen. In no instance was evidence noted of acute cystitis or disruption of the epithelial lining of the bladder.
DISCUSSION
The data presented here indicate that enterococcal pyelonephritis in the rat is a chronic, progressive disease with little tendency for the infection to "burn-out" and the lesions to become bacteriologically sterile. This is in contrast to the sequence of events in the liver and spleen where, although large numbers of micro-organisms initially lodged, these organs were effectively able to gradually destroy the majority of bacteria and anatomical evidence of infection was not noted. In this regard, the behavior of enterococci in the various tissues may be likened to the course of staphylococcal infection in the mouse. Smith and Dubos8 noted that several strains of staphylococci were eliminated by the liver and spleen of animals examined 21 to 36 days after injection while the microbial population in the kidneys persisted at high levels during this time. This difference in organ susceptibility might be expected if one compares the lack of cellular defense mechanisms characteristic of the kidney with the abundant reticuloendothelial system of the liver and spleen.
Comparative bacteriological studies of the cortex and medulla after the intravenous injection of bacteria demonstrated the importance of this type of approach in order to better understand the host-parasite relationship at specific tissue levels. These observations indicated that the cortex is more resistant to enterococcal infection than is the medulla. Histological observa-tions confirmed this impression; the earliest micro-abscesses were seen in the medulla, at the time of active bacterial multiplication in this area. Similar lesions appeared in the cortex but at a later period and these also were noted during an interval of rising bacterial content in this tissue. Freedman and Beeson' described an increased susceptibility of the medulla to infection as compared to cortex when bacteria were injected directly into these tissues. The altered resistance of the medulla was attributed to the mechanical effects of injecting even small volumes of inocula into this area; this procedure produced tubular obstruction and foci of intrarenal hydronephrosis. Our data, obtained in studies of enterococcal infection in the rat, indicate that the medulla is more susceptible to infection even in the absence of obstruction to urine flow.
The behavioral differences of the various parts of the kidney in regard to infection are difficult to explain. These are apparently not due to an increased localization or "trapping" of bacteria in the medulla. Such a mechanism has been suggested by Lovell (as cited by Gorrill5) in Corynebacterium renale infection in mice. In these animals, cold acetone extracts of C. renale produced cortical ischemia and thus effectively could shunt the injected organisms into the medulla and might account for the medullary distribution of the lesions noted histologically. It is unlikely that similar mechanisms were operative in the enterococcal infection described since the numbers of enterococci in the medulla was less than that of the cortex in animals examined two hours after injection.
Since C. renale is a powerful urease producer, it has been suggested that this would favor its multiplication in the urea-rich area of the kidney. Confirmation of this was obtained by Lister7 who described a lower incidence of renal infection in mice given injections of a urease-negative mutant of C. renale when compared with the occurrence of pyelonephritis following the inoculation of the urease producing strain. This mechanism was not operative in the present experiments since the strain of Str. faecalis used failed to produce urease when tested in Christensen's Urea medium.
This concept of a specific tissue supplied substrate which favors bacterial growth can be further extended as an alternative explanation of corticomedullary differences in susceptibility to enterococcal infection. The ability of enterococci to grow in relatively high sodium chloride concentrations in vitro is well known. It has been established that a gradient of sodium chloride concentration exists in the kidney with the relatively higher concentrations found in the papillae decreasing as the cortex is approached. Whether or not these solute differences are important has not been determined. The renal localization of staphylococci has been attributed to the ability of this organism to coagulate plasma and thus effectively "wall-off" the multiplying bacteria from the cellular and humoral defences of the host.' It has been shown, however, that kidney infection was produced in the mouse by strains of staphylococci which were not able to coagulate mouse plasma.' Attempts to demonstrate coagulase production by the strain of enterococcus described, using human and rat plasma, were unsuccessful.
Beeson and Rowley' have recently presented data which may relate to this problem. In an excellent study of the susceptibility of the kidney to coliform bacterial infection, these investigators noted that kidney tissue, unlike that of other organs, interferes with the ability of normal serum to destroy these organisms. This effect was attributed to the anticomplementary activity of renal tissue; the fourth component of complement being primarily involved. This component is characterized by susceptibility to injury by ammonia and the studies described were consistent with the hypothesis that the mechanism of anticomplementary effect was associated with ammonia formation. This basic contribution suggests the existence of a biochemical factor which might predispose the kidney to infection and offers a new approach to the understanding of the pathogenesis of pyelonephritis. It is not known whether such a mechanism is involved in the enterococcal infection described, but data are available which indicate that the ammonia content of the medulla is greater than that of the cortex and speculation might be made about the importance of these differences in the relative susceptibility of the cortex and medulla to infection.
The quantitative aspects of the inoculum size and the frequency of infection are of interest in that there appears to be a roughly linear relationship between the number of bacteria injected and the incidence of pyelonephritis. Similar findings were noted in staphylococcal infection of the mouse kidney by Gorrill who described a linear proportionality between the number of bacteria injected and the microbial population of the individual kidney. This type of data permitted Gorrill to estimate the kidney infecting dose (KID5o staphylococcus) and thus enabled him to design experiments concerned with the quantitative aspects of the host-parasite relationship. Although observations of the dose-renal implant ratios were not made in the present experiments, the assumption that these are in linear relationship may be made in light of Gorrill's work. On this basis it was calculated that approximately 10,000 viable units of enterococci must lodge in the rat kidney to initiate infection in half of the animals tested (KID5o enterococcus).
The failure to demonstrate bacteriuria in the first two days after intravenous inoculation despite the presence of large numbers of micro-organ-isms in the kidney and the appearance of enterococci in the urine coincident with the appearance of micro-abscesses supports the hypothesis that the kidney does not function as a filter of bacteria.8 Tissue damage must occur in order to permit bacteria to escape into the tubular collecting system and appear in the bladder urine. The lack of evident cystitis in animals with chronic pyelonephritis and significant bacteriuria suggests a remarkable protective ability of the intact bladder mucosa.
The inability of the strain of Str. durans to produce renal infection may offer a tool with which individual parasite factors affecting the renal hostresistance may be studied. This organism differs from Str. faecalis in its failure to decolorize litmus milk, lower saccharolytic activity, sensitivity to tellurite and lower tyrosine decarboxylase activity. The role these and other differences play in the pathogenesis of infection is at present under investigation.
The chronicity and progressive nature of the enterococcal pyelonephritis described in these experiments provides a model in which observations may be made of the course and natural history of this disease. It may now be possible to study the association of hypertension and kidney infection, the pathogenesis of the anemia of infection and/or uremia, and the quantitative aspects of the host-parasite-drug relationship as it relates to this micro-organism.
SUMMARY
A model of chronic, progressive enterococcal pyelonephritis in the rat has been described. This infection is characterized by the persistence of bacteria in relatively constant numbers during the evolution of the disease from the acute to chronic stage. Quantitative bacteriological data, obtained during observation of this infection for more than one year, were presented.
A comparatively large number of bacteria was required to cause infection. It was estimated that the kidney infecting dose necessary to produce pyelonephritis in 50 per cent of animals tested (KID5o) was 10,000 viable enterococci.
Quantitative observations were made on the microbial populations in the cortex and medulla at various intervals after intravenous injection of bacteria and evidence was presented which indicated that the medulla was the part of the kidney most susceptible to infection. It was also in this area that the earliest histological evidences of infection were noted.
Bacteria were not found in the urine of animals examined one and two days after inoculation but were cultured on the third day. This coincided with the appearance of the earliest microscopic abscesses in the medulla. The absence of bacteriuria in the presence of large number of organisms in the kidney confirms the observation that the kidney does not act as a "filter" for bacteria but rather that infection with associated tissue destruction must be present for micro-organisms to gain access to the urine.
Several strains of Str. faecalis, Str. faecalis var. zymogenes, and Str. faecalis var. liquifaciens produced renal infection in the majority of rats injected. A single culture of Str. durans failed to cause infection in any of the animals tested.
